ABSTRACT: An experiment at the Agricultural University of Norway provided data to estimate genetic parameters of roughage intake (RI), fatcorrected milk yield (FCM), smoothed BW (SW), weight change (WC), and energy balance (EB). Weekly measurements were averaged in four consecutive 6-wk periods after parturition for each of 331 primiparous Norwegian cows of 20 sires. Amount of concentrate fed was adjusted according to stage of lactation and cows were randomly assigned to a normal or a low level. Animals were given ad libitum access to grass silage. Multiple-trait animal models with all additive genetic relationships incorporated were applied to the subsets of all averages of one trait and all averages in one period. Each model contained for every trait 165 observations, 24 mo-year seasons of calving, and 313 additive genetic effects. (Colvariance components were estimated by an EM-REML algorithm. The heritability of RI increased with negative energy balance from .25 to 3 6 , whereas the estimates were approximately .2 for FCM, .6 to .7 for SW, and .03 to .4 for WC and EB. The correlations between RI and FCM were .37 to .58 phenotypically and -.11 t o .88 genetically; between RI and SW they were .57 to .73 phenotypically and .7 to 1 genetically; between FCM and SW they were -.06 t o .35 phenotypically and -.33 to .70 genetically; and between WC and EB they were .52 to .92 phenotypically and -.09 to .88 genetically. Correlations between WC and EB and other traits were inconsistent over periods and had very high SE.
Introduction
found no evidence in the literature for a pleiotropic pathway between milk yield and direct utilization of dietary nutrients. Therefore, they pointed out the need to consider hormonal regulation of tissue catabolism and partitioning of energy as probable explanations for the J. h i m . Sci. 1994. 72:1441-1449 apparently improved feed efficiency following selection for milk yield. They described the process of selection for improved feed conversion as selection for a composite trait involving milk yield, tissue balance, and appetite.
Efficient multiple-trait selection requires accurate estimates of the phenotypic and genetic (co)variances involved. Because feed utilization involves dynamic feedback mechanisms, it is also important to know whether the (co)variances remain unchanged at different stages of the lactation and at different planes of nutrition.
An experiment was conducted from 1978 to 1986 at the Agricultural University of Norway to study the variation in capacity of roughage intake at a normal and a reduced level of concentrate feeding. The objectives of this study were to estimate phenotypic and genetic correlations between milk yield, tissue balance, and appetite at a normal and a reduced level of concentrate feeding within 6-wk periods of the first lactation.
SVENDSEN

Materials and Methods
Experiment.
A total of 331 Norwegian cows were included in the experiment between 1980 and 1986. These cows were in 20 paternal half-sib groups, and some were dam-daughter pairs. The 20 sires were progeny-tested between 1975 and 1977, and each showed above-average estimated breeding value for milk production. Their superiority was 1.5 additive genetic SD above the average young bull. The initial cows were purchased at 2 mo of age from herds all over the country. Their dams were a random sample from the national population, and these dams constituted 86% of the base animals in this analysis.
All experimental cows were born between late August and late November of each year and calved at 22 to 25 mo of age. The primiparous cows were milked twice a day at equal intervals, and half the concentrates were fed before each milking. Grass silage was offered for ad libitum intake, and cows had access to silage at all times. The contents of dietary nutrients of the feedstuffs were described by Svendsen et al. (1993) . Concentrate was fed at two levels, normal and low. The normal level was based on the Norwegian recommendations for a cow that yields an average amount of milk in first lactation, and the low level was 3 kg/d lower than what would have been recommended. The amount of concentrate was adjusted according to the stage of lactation as published by Svendsen et al. (1993) . Each year, early-and latecalving progeny of each sire were randomly assigned to the two feeding levels.
VariabZes and Data. Roughage intake ( RI), fatcorrected daily milk yield ( F C M ) , smoothed BW ( SW), weight change ( WC), and energy balance (EB) were recorded from 2 to 24 wk postpartum as described by Svendsen et al. (1993) . The roughage intake was taken as the daily intake of grass silage dry matter. Energy balance was the difference between net energy intake and the calculated net energy requirement for maintenance and production. It was expressed in terms of body-fat change using 5,000 kcaVkg gain under positive EB, whereas 4,000 kcal/kg loss was used under negative EB due to 80% utilization of energy from BW loss (Moe et al., 1971; Van Es, 1978) . Body weight was measured weekly until 12 wk postpartum, then monthly. The curve of BW during the lactation was smoothed to obtain informative estimates of BW change. Smoothed BW was calculated as follows: SWi = BWi/3 + 2(BWi-1 + BW; + 1)/9 + (BWi -2 + BW; + 2)/9, where the subscript refers to weighing occasion. Weekly weights after 12 wk postpartum were estimated by linear interpolation. Body weight change per week was taken as the difference between adjacent SW.
Averages for each cow were taken within each of four periods: 2 to 6, 7 to 12, 13 to 18, and 19 to 24 wk postpartum. The averages were treated as different traits and were later analyzed by multiple-trait ET AL models. Data from cows with less than three observations on any trait in a period were discarded to reduce possible influence of unequal residual variance of the averages.
Model and Procedures.
For each trait, averages in the four periods were analyzed by a multiple-trait model that is referred to as the "same-trait" analysis. For each period, the five different averages were analyzed by a multiple-trait model that is referred t o as the "same-period" analysis. The nine multiple-trait analyses were done separately within level of concentrate feeding. The same animal model was used for all analyses: y = ( I, O X) b + ( I, O Z) a + e, where y was a vector of subvectors, one for each trait, containing 166 observations in cases of normal concentrate feeding or 165 observations in cases of low concentrate feeding; b was a vector of unknown fixed effects of 24 subclasses of year x season of calving; a was a vector of unknown random additive genetic effects of 320 animals consisting of 166 cows with data, 20 sires, and 134 dams in cases of normal concentrate feeding, and 313 animals consisting of 165 cows with data, 20 sires, and 128 dams in cases of low concentrate feeding; X and Z were known design matrices corresponding to b and a, respectively; I, was an identity matrix, p denoting number of traits in the subset analyzed; e was a vector of random residuals corresponding to y; and 0 denoted the direct product operation of two matrices.
The random elements in the model were distributed as follows:
where A was the matrix of additive genetic relationships between animals and G and R were matrices of additive genetic and residual (colvariance between the traits in the subset being analyzed. The 20 sires and the dams of the purchased cows constituted the base animals and were treated as unrelated and noninbred in the analyses. The estimates obtained are thus referring to the population of Norwegian cattle as it existed in the mid-1970s (Sorensen and Kennedy, 1984) .
The elements of G and R were estimated by computing programs for multiple-trait REML by Meyer (1986) . The programs applied an expectation maximization algorithm (Dempster et al., 1977) and canonical and Householder transformations of the mixed-model equations after transforming to an equivalent model by Cholesky decomposition of A (Jensen and Mao, 1989) . Approximate large sample SE of the elements of G and R were obtained by approximation of the information matrix by numerical differentiation (Meyer, 1985 (Meyer, , 1986 . The convergence criterion was set at the point at which the maximum change between rounds of any element of G or R became < .001, which was reached between 2,000 and 15,000 rounds of iteration in all analyses.
Results and Discussion
Variance Components and Heritabilities. Estimates of phenotypic SD, additive genetic SD, and heritabilities with SE for RI, FCM, SW, WC, and EB are shown in Tables 1, 2 , 3, 4, and 5 , respectively.
Estimates of phenotypic SD from analyses of sametrait models were all similar to those from the sameperiod models. That was also true for most corresponding estimates of additive genetic SD and heritability from the two types of models. However, the same-trait heritability estimate for RI at the low level in the fourth period was almost twofold that from the sameperiod analysis. In all cases in which discrepancy exists between estimates from the two types of models, the lower estimates were similar to those obtained from single-trait analyses (not shown), and the higher estimates were accompanied by high estimates of genetic correlations to other traits in the same subset. This was probably an effect of forcing multipletrait estimates within the allowable parameter-space.
Estimates of additive genetic SD and heritability for RI (Table 1 ) were higher at the low than at the normal level of concentrate feeding. This was probably because increased demand for roughage-energy at the low level of concentrate feeding allowed the genetic variation in RI to be expressed to a higher extent. The highest heritability estimate was in the first period at both levels of concentrate feeding. This supported a proposal by Korver (19881, who stated that RI should be measured during the negative energy balance of early lactation. All heritability estimates were higher than those obtained from single-trait analyses under a repeatability model by Svendsen et al. (1993) . They were also higher than the range of .17 to .27 previously published by Gray et al. (19671, Hooven et al. (19721, Miller et al. (19721, Brandt et al. (1985) , and Lee et al. (19921, where concentrate was fed according to yield or as part of a complete mixed diet. Estimates from field data were much lower, ranging from .04 to .12 (Haapa and Syvajarvi, 1987; Moore et al., 1990) . However, estimates from animal models were at the same level as our estimates Van Arendonk et al., 1991) .
The estimates of phenotypic SD of FCM (Table 2 ) were higher at the normal than at the low level of concentrate but decreased in later periods at both concentrate levels. Estimates of additive genetic SD and heritability were higher in early periods at the low level of concentrate feeding, but not at the normal level. The heritability estimates of FCM were lower than expected in a controlled experiment. Svendsen et al. (1993) found low estimates from single-trait analyses for FCM, but not for milk yield. The high heritability estimate at the low concentrate level in first period might be due to available energy from feed intake and catabolism of body reserves acting as the limiting factor on the milk synthesis. This is indicated Estimates of phenotypic SD for SW (Table 3 ) increased slightly over periods at both levels of concentrate feeding. A similar tendency was observed in estimates of additive genetic SD and heritability of SW at the normal level of concentrate feeding, but not at the low level. Previously published heritability estimates for body weight that were obtained from animal models ranged from .80 to .88 and were somewhat higher than our estimates Van Arendonk et al., 1991) .
Estimates of phenotypic SD for WC (Table 4 ) were slightly higher at the normal than at the low level of concentrate feeding, but they decreased noticeably over periods at both levels. The estimates of additive genetic SD and heritability were higher in the first and fourth period at the normal level of concentrate feeding, whereas at the low level the higher estimates were found in the second and third period.
The estimates of phenotypic SD and additive genetic SD for EB (Table 5 ) were threefold those for WC (Table 4 ) but showed the same tendencies over periods and between levels of concentrate feeding. The heritability estimates of EB were somewhat greater than the corresponding estimates for WC. The lower variation in WC than in EB might be a scale effect due to the methods of calculating EB and WC, but it could also be due to fat water replacement in adipose tissue cells (Moe et al., 1971) .
Phenotypic Correlations Between Different Periods.
Estimates of phenotypic correlations between different stages of lactation from the same-trait analyses are shown in Table 6 . As expected, the correlation estimates were higher between more adjacent periods for all traits. Correlations at the normal level were slightly greater than those at the low level of concentrate feeding. The smallest correlation estimates were found for WC, especially at the low level of concentrate feeding. Correlation estimates for dry matter intake by were similar to those obtained for RI here, but their estimates for milk fat plus protein yield were somewhat lower than we obtained for FCM. Moore et al. (1990) also found correlation estimates for NE intake and FCM similar t o ours.
Genetic Correlations Between Different Periods.
Estimates of genetic correlations between different stages of lactation from the same-trait analyses are shown in Table 7 . Correlation estimates were higher between more adjacent periods, except for RI at the normal level of concentrate feeding and for WC at the normal level of concentrate feeding, which were negative. The approximate SE were larger for WC than for the other traits and included values out of parameter space. found correlation estimates similar to ours, whereas those of Moore et al. (1990) were somewhat lower.
Phenotypic Correlations Between Traits in the Same
Period. Estimates of the phenotypic correlations from the same-period analyses are shown in Table 8 . The approximate SE ranged from .01 t o .09. estimates from early to mid-lactation, as the energy Miller et al., 1972; Grieve et al., intake became sufficient to meet the energy require-1976; Custodio et al. 1983; Brandt et al., 1985; Gibson, ment. However, Moore et al. (1990) found a decrease The estimates of phenotypic correlation between RI and SW were all strongly positive and slightly stronger a t the low level of concentrate feeding. However, there was a decrease by period at both levels of concentrate. This could be because RI is more related to cow size in early lactation and more related to the need for energy later on, although this model for feed intake regulation is disputed (Ketelaars and Tolkamp, 1992) . Previously published estimates were lower than ours, ranging from .25 to .49 Brandt et al., 1985; Haapa and Syvajarvi, 1987; Van Arendonk et al., 1991; Lee et al., 1992) .
The phenotypic correlation estimates of RI and SW with WC and EB were close to zero and showed the least precision, with SE of .08 to .09. Miller et al. (1972) , Van Arendonk et al. (19911, and Lee et al. apenods one to four contain 2-6, 7-12, 13-18, and 19-24 wk postpartum, respectively. Table 7 . Estimates of genetic correlations between different stages of lactation for roughage intake, fat-corrected milk yield, smoothed body weight, weight change, and energy balance .56 ( . 4 4 ) .65 ( . 7 3 ) apenods one to four contain 2-6, 7-12, 13-18, and 19-24 wk postpartum, respectively ( 1992) found correlation estimates between intake and weight change in the range of -.28 to .08. However, these relationships are dynamic and may be nonlinear in nature, and are thus not very well described by painvise correlations measuring linear relationships. The estimates of phenotypic correlation between FCM and SW were positive and of medium size in the first period but decreased rapidly by period at both levels of concentrate feeding, more so at the normal level. Previously published estimates were also small and in the range of -.22 to .21 Van Arendonk et al., 1991; Lee et al., 1992) . The phenotypic correlation estimates of FCM with WC and EB were all strongly negative, especially those with EB. The estimated correlations with EB became slightly less negative over periods as more energy was partitioned toward rebuilding body reserves. Van Arendonk et al. (1991) and Lee et al. (1992) found smaller estimates than ours in the range of -.13 to -.42.
The estimated phenotypic correlations between WC and EB were all strongly positive, and higher estimates were at the normal level of concentrate feeding and in later periods. This indicated that WC was a better measure of energy balance in mid and late lactation than in early lactation.
Genetic Correlations Between Traits in the Same
Period. Estimates of the genetic correlations from the same-period analyses are shown in Table 8 . Estimates of the genetic correlation between RI and FCM were positive (SE, .20 to .52) except in the fourth period at the normal level of concentrate feeding (SE = .68).
The correlation estimates were stronger at the low level of concentrate feeding, except for the third period. Previously published estimates were strongly positive and ranged from .32 to .98 Miller et al., 1972; Haapa and Syvajarvi, 1987; Oldenbroek, 1989; Moore et al., 1990; Van Arendonk et al., 1991; Lee et al., 19921, except that Brandt et al. (1985) found .14.
There were high positive estimates of the genetic correlation between RI and SW (SE, .01 to .20), especially at the low level of concentrate feeding. This might be due to the fact that SW represents size and thereby a physical limit on RI, but it could also be due to the fact that SW included the weight of RI and other gastrointestinal fill. Estimates ranging from .23 to .93 were published by Miller et al. (19721, Brandt et al. (19851, Haapa and Syvajarvi (19871, Oldenbroek (1989) , Persaud et al. (19911, Van Arendonk et al. (1991) , and Lee et al. (1992) .
The correlation estimates of RI and SW with WC and EB showed sign changes without obvious patterns regarding periods or levels of concentrate. However, these relationships are dynamic and may be nonlinear in nature, and are thus not very well described by pairwise correlation measuring linear relationships. Standard errors were large, ranging from .41 to 1.21 in the first and second periods and from .29 to .71 in the third and fourth periods.
Estimates of the genetic correlation between FCM and SW were highly positive at the low level of concentrate feeding (SE, .22 to .55), although at the normal level (SE, .46 to .48) they were weak and also negative in the second and fourth periods. Similar to our estimates at the normal level of concentrate feeding, previously published estimates were weak and ranged from -.33 to .08 Van Arendonk et al., 1991; Lee et al., 1992) .
Estimates of the genetic correlation between FCM and WC (SE, .13 to 1.04) were negative, except in the first period at normal level of concentrate feeding. Literature estimates were also strongly negative, ranging from -.39 to -.96 (Oldenbroek, 1989; Van Arendonk et al., 1991; Lee et al., 1992) . The genetic correlation estimates between FCM and EB were strongly negative and showed how the calculated energy balance was dominated by milk production during the first half of lactation. Standard errors varied between .13 and .31, except for 1.23 in fourth period at the low level of concentrate feeding.
Estimates of the genetic correlation between WC and EB (SE, .09 to 1.62) were strongly positive, except in the first period at the normal level of concentrate feeding and in fourth period at the low level of concentrate. It seems as if WC did not reflect well the expected changes in body reserves in these periods.
Patterns in the Correlations Between
All Traits in the Same Period. Some of our estimates seemed extreme compared t o those previously published. A possible reason for this was that we used a multipletrait model, whereas the majority of the previous estimates originated from single-or two-trait analyses. Other possible explanations were the rather large SE carried by our estimates due to the small sample and that our traits were averages of several observations. Multiple-trait estimates should be interpreted as a set in which the traits tend to form groups rather than as separate estimates "corrected for" the other traits in the model.
The estimates of phenotypic correlations showed similar patterns at both levels of concentrate feeding. Most distinctive was the strongly correlated group formed by FCM, WC, and EB in all periods. Roughage intake was strongly connected to SW in early lactation, whereas the connection t o FCM increased in the later periods.
Patterns in the estimates of genetic correlations were less clear with differences between the normal and the low level of concentrate feeding. At the low level of concentrate, RI and SW were connected to FCM in all periods, whereas this connection was much weaker at the normal level of concentrate. A second group of traits consisted of FCM, WC, and EB and was most strongly connected in first and second period at the low level of concentrate feeding and in the third and fourth periods at the normal level of concentrate.
Implications
Roughage intake had greater heritability under negative energy balance, suggesting that selection for increased capacity of roughage intake should be based on measurements taken in early lactation. The high positive genetic correlation between roughage intake and body weight, especially a t low concentrate feeding, suggested that selection for capacity of roughage intake will lead to increased body weight unless both traits are measured and are selected simultaneously. The large standard errors of the estimates and the unconventional feeding regimen in our experiment must be considered before applying these estimates in a selection program.
